The self-assembly of nanocrystals into ordered superlattices is a powerful strategy for the production of functional nanomaterials. The assembly of well-ordered target structures, however, requires control over the building blocks' size and shape as well as their interactions. While nanocrystals with homogeneous composition are now routinely synthesized with high precision and assembled into various ordered structures, high-quality multicomponent nanocrystals and their ordered assemblies are rarely reported. In this paper, we demonstrate the synthesis of quantum dot−gold (QD-Au) heterodimers. These heterodimers possess a uniform shape and narrow size distribution and are capped with oleylamine and dodecyltrimethylammonium bromide (DTAB). Assembly of the heterodimers results in a superlattice with long-range orientational alignment of dimers. Using synchrotron-based X-ray measurements, we characterize the complex superstructure formed from the dimers. Molecular dynamics simulations of a coarse-grained model suggest that anisotropic interactions between the quantum dot and gold components of the dimer drive superlattice formation. The high degree of orientational order demonstrated in this work is a potential route to nanomaterials with useful optoelectronic properties.
S elf-assembled superlattices (SLs) of colloidal nanocrystals (NCs) derive their novel optical, mechanical, catalytic, and magnetic properties from the structural diversity and compositional tunability of NC building blocks. 1−25 Therefore, expanding the library of potential building blocks and their assemblies has long been a central direction of the nanomaterials research community. 26−33 While much effort has been focused on SLs of single-component NCs with simple shapes, the assemblies of multicomponent heterostructured NCs remain much less understood. Heterodimer NCs, also called Janus nanoparticles, represent a special subclass of NCs with anisotropic properties. Heterodimer NCs feature components with different chemical compositions that impart drastically different chemical and/or physical properties within a single particle. 34−45 This broken symmetry renders them excellent building blocks for complex self-assembled materials with properties that are inaccessible to assemblies of more isotropic building blocks. 16,34−36 The self-assembly of heterodimers has been extensively studied at the molecular, mesoscale, and macroscale levels, resulting in an array of interesting applications. 46−51 By contrast, examples of well-controlled nanoscale assemblies of heterodimers have been rare. This is mainly due to synthetic challenges of producing heterodimer NC building blocks with narrow size and shape distributions, which are strictly required for generating ordered superstructures. 52−54 In a recent report, Murray and co-workers demonstrated the sensitive dependence of the crystalline quality of heterodimer assemblies on particle shape and interactions. By functionalizing colloidal Fe 3 O 4 −Pt or Fe 3 O 4 −Au heterodimer NCs with different dendrimers, the authors were able to substantially improve the crystalline quality of the superstructures. 55 Here, we use high-quality quantum dot (QD)−Au heterodimer NCs as building blocks and assemble them into a longrange-ordered hexagonal SL. Taking advantage of the intrinsic chemical nature of QD and Au sides of the heterodimers, we demonstrate that the QD−Au heterodimer NCs inside the assembled SL not only show excellent translational order but also display long-range orientational alignment that alternates between adjacent close-packed layers. The observed assembly thus constitutes a supercrystal in the strictest sense. Molecular dynamics (MD) computer simulation suggests that the observed orientational alignment is due to anisotropic interactions between different sides of the heterodimer NCs. Our study not only enriches the library of self-assembled SLs from heterostructured NCs but also provides further insights into the factors that govern NC−SL formation processes.
Self-assembling NCs into organized superstructures requires building blocks with uniform size and shape. In this study, we used a two-step method to synthesize highly uniform QD−Au heterodimers. First, zinc-blende (ZB) CdSe-CdS core−shell QDs (4.7 ± 0.4 nm) were synthesized using a one-pot reaction method ( Figure S1 ). Second, the Au precursor (i.e., AuCl 3 ) was slowly deposited onto the QD surface, resulting in the final heterodimer NCs, as illustrated in Figure 1 . (See the SI for experimental details. 56 ) A clear plasmonic resonance feature emerged in the UV−vis absorption spectrum (Figure 1b ), and a total quench of the QD emission after dimer formation confirmed the Au deposition at the QD surface. The dimer morphology was examined by transmission electron microscope (TEM) measurements. Low-magnification images showed the heterodimer character of the resulting particles ( Figure 1a ). High-resolution TEM (HR-TEM) characterization unambiguously showed the dimer heterojunctions with different atomic orientations of the lattice fringes from ZB-QD and Au crystal domains ( Figure 1c ). The measured d spacings of 2.1 and 2.3 Å on each side of the heterodimer were assigned to ZB-QD (220) and Au (111) planes, respectively (Figures 1c and S2 ). The dimension of the resultant QD−Au heterodimers was measured to be 3.5 ± 0.2 nm along the short axis and 5.6 ± 0.3 nm along the long axis ( Figure S3 ). No evidence of epitaxial growth of the Au crystals on the QD domains was observed (Figures 1c and  S2) .
Heterodimer SLs were assembled via a controlled solvent evaporation process of a QD−Au heterodimer toluene suspension (SI). Large-area heterodimer SLs can be observed in low-magnification TEM measurements (Figures 2 and S4 ). Interestingly, unlike typical images of NC-SLs, close-up TEM images showed a periodic contrast alternation within a hexagonal packing of particles (Figures 2 and S4 ). Taking a closer look, we identified two types of heterodimer SLs with different contrast patterns (referred to as type I and type II in the following text). In the type I SL, one light particle (low contrast) is surrounded by six dark particles (high contrast) (Figure 2a,b) ; the type II SL shows the inverted pattern (i.e., one dark particle surrounded by six light particles) (Figure 2c,d) . It is known that contrast differences in TEM images can be induced by different electron densities of the imaged material. 57 In our case, dark particles can be identified as the Au metal component of the heterodimer NCs with a higher electron density than for the QD (i.e., CdSe−CdS semiconductor) component shown as light particles. This assignment is also consistent with TEM measurements of individual heterodimer NCs which display dramatically different image contrasts, as shown in Figure 1a . HR-TEM measurements further confirmed the assignments with the observation of Au(111) and Au(200) lattice fringes on the dark particles and QD(220) fringes on the light particles ( Figure S5 ). Furthermore, no abrupt contrast differences were observed in TEM images of SLs assembled from either onecomponent QDs or Au NCs with similar sizes ( Figure S6 ), strongly supporting the identification of different components of dimers according to contrast.
We propose that the two different contrast patterns observed in TEM images originate from different exposed surfaces of the same SL, as illustrated in Figure 2e −h. The SL consists of hexagonal close-packed layers of orientationally aligned dimers. More precisely, the heterodimer NCs occupy the sites in a typical ABC close-packed stacking as in a face-centered-cubic (fcc) lattice, in which the long axes of heterodimers are aligned with the stacking direction (i.e., the [111] direction of the fcc lattice) (Figure 2e ,g). The orientations of heterodimers are identical within the same stacking layer, but they alternate between adjacent layers such that the nearest-neighbor dimers in adjacent layers face each other via the same dimer side (either QD-to-QD or Au-to-Au). When viewed in the stacking direction, two types of patterns can be seen (Figure 2e −h), depending on the termination layer along the viewing direction. These patterns perfectly match TEM images with different alternating contrast patterns (i.e., type I and type II views, Figure 2a−d). Specifically, in the type I view of our model shown in Figure 2e ,f, all light particles are dimers located in the B layer (displaying the QD side) and are each surrounded by six dark heterodimers (displaying the Au side), three in the C layer and the other three in the A layer. Analogously, dark particles are located in the B layer surrounded by six light particles that are in the C and A layers in the type II view (Figure 2g ,h). The proposed fcc SL structure was further confirmed by TEM tilting measurements. The reconstructed SL model and its fast Fourier transform (FFT) pattern at different tilting angles are all consistent with tilted TEM images and corresponding smallangle electron diffraction (small-angle ED) patterns ( Figure S7 ). The measured NC center-to-center distance in the (111) plane is 6.7 nm, indicating a lattice parameter of 9.5 nm based on a perfect fcc lattice model (Figure 2a−d) . Compared to the recent report of Fe 3 O 4 −Au dimer SLs with partial orientational order of the dimers, 55 our results demonstrate that QD−Au heterodimer NCs can self-assemble into ordered SLs with fully aligned heterodimer orientations.
To further explore the structural details of the heterodimer NC packing, we fabricated free-standing three-dimensional (3D) supercrystals and conducted synchrotron-based smallangle X-ray scattering (SAXS) characterizations. The supercrystals were fabricated through a slow solvent evaporation process to achieve free-standing grains with sizes up to ∼20 μm ( Figure 3a ). 58 Because of the single-crystalline nature of the obtained samples, we were able to take a series of SAXS patterns while rotating the sample along the [01̅ 1] zone axis of a hexagonal lattice, as illustrated in Figure 3b −e and Figure S8 . 59 These SAXS patterns can be used to reconstruct the hexagonal lattice with lattice parameters of a = b = 13.5 nm and c = 33.0 nm (Figures 3b−e and S8 and Table S4 ). In order to resolve the configurations of dimers within this uncommonly large hexagonal unit cell, we analyzed the stacking behavior of heterodimer NCs in greater detail. For this purpose, we introduce the following notation: We denote the stacking sequence of close-packed layers by letters A, B, and C, as before. In addition, we use an asterisk to discern the orientation of dimers in different layers. For instance, B and B* denote closepacked layers with equivalent positions in the lattice but consisting of dimers with opposite orientations. This dimer orientation alternation breaks the high symmetry of the regular fcc lattice into an equivalent hexagonal lattice (a = b = 6.7 nm, c = 16.5 nm, see the SI). Furthermore, the same orientation alternation transforms the stacking sequence from the regular A−B−C stacking of the fcc lattice into an A−B*−C−A*−B− C* stacking with a doubled lattice parameter of c = 33.0 nm (Figure 3f) , perfectly matching the c parameter determined by the SAXS measurement.
Besides the enlarged c axis of the SL, SAXS data show that the lattice has unit cell dimensions in the ab plane that are also twice as large as to the unit cell derived from TEM data (13.5 vs 6.7 nm). This difference suggests that the configurations of dimers deviate from the model presented in Figure 2 . Since such modulations are not evident in TEM measurements, they are likely small. In Figure 3g −i, we propose one possible modulation pattern that would result in a large unit cell that is consistent with SAXS measurements. In this hypothetical structure, the local attraction among A, B*, and C layers results in two connected tetrahedra being formed between A and B* layers and B* and C layers (blue and yellow tetrahedra shown in Figure 3g ). The three heterodimers in the A layer (or C layer) tilt toward the center nontilted dimer in the B* layer that balances the interactions between the two tetrahedra ( Figure 3g ). This repeatable unit is expandable into the SL with a (2 × 2) reconstruction in the ab plane, in which one nontilted heterodimer is surrounded by six tilted ones (Figure 3h ), balancing the entire structure in the ab plane with 3-fold symmetry ( Figure S9 ). A similar (2 × 2) modulation lattice in the ab plane has been observed in the top surface of the GaAs(0001) plane in a hexagonal lattice, exhibiting an expanded distortion from the bulk structure. 60 While other configurational modulations of dimers are still possible, the proposed heterodimer lattice model perfectly matches the large hexagonal SL (i.e., a = b = 13.5 nm and c = 33.0 nm) measured by SAXS.
The structure obtained by SAXS measurements allowed us to derive detailed information about the packing geometry of heterodimers in the SL. The average distance between the planes of adjacent close-packed layers is 5.50 nm, and the in-plane nearest neighbor is 6.75 nm, in excellent agreement with the TEM-determined value of 6.7 nm (Figures 2a−d and S10) . Taking the dimensions of the heterodimers into account, we calculated an interparticle surface-to-surface distance of 1.7 nm between dimers in adjacent layers ( Figure S10 ). This value is consistent with surface-to-surface distances observed for similar NC systems (1.7−2.0 nm) with close contact between particles. 56, 61 By contrast, the surface-to-surface distance of dimers within the same layer is substantially larger (3.2 nm), suggesting much weaker interactions among dimers within the layer, revealing that the interlayer dimer interactions dictate the orientationally ordered SL formation. Interestingly, such anisotropic interactions did not create a distorted tetrahedron 
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Nano Lett. 2018, 18, 5049−5056 (i.e., trigonal pyramid) unit ( Figure 3g ) but a perfect regular tetrahedron. The regular tetrahedron is commonly observed in spherical/isotropic nanoparticle/colloidal systems, where the particles have isotropic interactions with all six nearest neighbors. The regular tetrahedron unit (formed by four heterodimers) here is maintained by the interlayer interactions between the same side of the dimers. Such strong interlayer attractions also allow the tilt distortion of the dimers for a closer approach as we proposed above, while the weak in-plane interactions provide the space and freedom to accommodate such a distortion.
To verify the structure of the SL observed in our experiments and to reveal the driving forces of its assembly, we have performed a series of MD computer simulations of simple coarse-grained models. We model the dimers as rigid bodies consisting of two spherical particles that represent the QD and Au constituents of the heterodimers with a center-of-mass distance of 2.1 nm and a diameter of 3.5 nm. QD and Au particles interact via effective pair potentials that take surface ligands and solvent effects into account implicitly. (See the SI for simulation details.) We denote the strength of attractive interactions between two QD particles, two Au particles, and a QD and a Au particle as ε QD−QD , ε Au−Au , and ε QD−Au , respectively. When strong attractive interactions are used between constituent particles of the same kind, but much weaker attractions between different kinds (e.g., ε Au−Au = ε QD−QD ≈ 1.5 kcal/(mole of NC), ε QD−Au ≈ 0.2 kcal/(mole of NC)), we observed assembly of a SL that agrees well with experimental images, as illustrated in Figure 4a −c. (We discuss potential origins of such interactions below.) Consistent with the SL reconstructed from experimental data, heterodimers in the SL found in simulations occupy the sites of a distorted fcc lattice; dimer axes are aligned with a [111] direction of the lattice. Because of favorable interactions between constituent particles of the same type, we observe the same orientational order of dimers as in our experiments. By contrast, when interactions between the two sides of dimers are made uniformly attractive in simulations (ε Au−Au = ε QD−QD = ε QD−Au ), we observe the same lattice but with random dimer orientations, as illustrated in Figure 4d . In all of our simulations, we observe variations in the stacking sequence of close-packed dimer layers. In addition to the ABCABC-type stacking associated with fcclike lattices, we also observe stacking of the ABAB type ( Figure  S11 ). Nearest-neighbor distances observed in our simulations 9, 62 In addition to the interaction scheme discussed above (ε Au−Au = ε QD−QD > ε QD−Au ), other relative interaction strengths also result in the experimentally observed alignment of dimers within (111) layers of the SL. In fact, orientational alignment requires only one of the two types of constituent particles to have substantial attractive interactions with their own kind (e.g., ε Au−Au > ε QD−Au ≈ ε QD−QD ), as illustrated in Figure S11 . Relative interaction strengths necessary to assemble superlattices with good orientational order are given in Tables S3 and S5 .
What is the microscopic origin of these asymmetric interactions in experiments? Several types of interactions could play a role, including core−core van der Waals (vdW) interactions, electrostatic interactions, and interactions among the passivating ligands. The vdW forces between Au NCs are much stronger than those between QD monomers but are generally too weak to play an important role in self-assembly in our system. We estimate that the vdW interaction potential between Au NCs of 3.5 nm diameter is ∼−0.3k B T at room temperature at the NC surface-to-surface distance of ∼1.7 nm; interactions between QD are much weaker still (∼−0.02k B T; see the SI for details). Our simulations suggest that energy biases of that magnitude are too small to result in appreciable alignment. The weakness of core−core vdW interactions is a direct result of the small size of NCs and the relatively long ligands chosen for this study. Depending on ligand coverage, the surface termination of NCs, and the counterion distribution in solution, electrostatic effects could cause asymmetric interactions between dimer constituents. However, these molecular details are not straightforwardly accessible in experiments and cannot be easily quantified. One type of electrostatic interaction, however, can be ruled out: an electric dipole along the dimer axis (caused, for instance, by a difference in surface charge) would in fact disfavor the close contact between dimer constituents of the same material.
For ligand effects to be the leading cause of the asymmetric interactions between Au and QD constituents, substantially different ligand populations need to be present on the surfaces of these NCs. While it is difficult to obtain direct evidence for different ligand distributions, the synthesis procedure used to make dimers and previous work make it plausible that the concentrations of different ligands and the overall surface density are not identical on the Au and QD particles. 63, 64 Dodecyltrimethylammonium bromide (DTAB) ligands used in the preparation of the Au precursor solution are shorter than oleylamine ligands passivating the QDs and are still present in appreciable concentrations during self-assembly (Figures S12, S13, and S19). Such differences in ligand length can give rise to substantially different interactions between passivated NCs. 65 Kaushik and co-workers have shown that attractive interaction energies between NCs with alkane ligands are approximately twice as large for ligands with 18 carbons compared to those with 12 carbons. 66 Calculations by Schapotschnikow and coworkers 65 and Waltmann and co-workers 67 suggest a similar trend in ligand length. However, our simulations indicate that even larger relative differences between weak and strong interactions are required to obtain the excellent orientational alignment observed in our experiments ( Figure S11 ). These could potentially arise from differences in the surface density of ligands on Au and QD particles (resulting either from the dimer formation process or from different binding affinities of ligands to different sides of heterodimers). 66 Potentials of mean force of two NCs with different ligand coverage suggest modest but significant differences in interaction strength ( Figure S18 ). Furthermore, if ligands are present in sufficiently large concentrations, then they can undergo an ordering transition, strongly increasing NC interactions. 68, 69 The orientational alignment of dimers can, in principle, be caused by asymmetric particle shape or size. 70 While TEM images show no significant differences in the size or shape of the constituent Au and QD particles in our case, differences in ligand coverage might induce different effective sizes. However, all computational attempts to assemble the orientationally aligned SL without an energetic bias by varying only effective particle sizes were unsuccessful. Specifically, we have simulated the selfassembly of a series of dimer models with uniform attractions but different values of the r QD /r Au size ratio, as illustrated in Figure 5a . The fcc-like hexagonal SL forms only in a narrow size regime, when Au and QD particles differ in size by no more than 10% (0.90 < r QD /r Au < 1.10). No orientational alignment was observed for these cases. When the relative size difference between Au and QD particles was increased (1.10 < r QD /r Au < 1.40), we observed amorphous structures that do not crystallize on the time scale of our simulation. This result is consistent with experiments on asymmetric dimers with a size ratio of r QD /r Au ≈ 1.27 ( Figure S14 ), which likewise results in disordered structures (Figure 5c ). If dimers consisting of particles with an even larger size difference are used (r QD /r Au > 1.40), then both simulations and experiments result in a regular fcc structure of the QD (Figures 5a,d , S15, and S16); the smaller Au component is disordered and fills the voids between the larger QD particles (Figures 5a and S17 ). We conclude that although the exact driving forces for dimer alignment observed in experiments could not be conclusively determined, simulations and experimental results suggest that alignment is unlikely driven by the packing of dimers with asymmetric effective shapes. Ligand-mediated interactions thus remain a plausible cause. In summary, we present a novel type of SL self-assembled from QD−Au heterodimer NCs with a long-range orientational alignment of NC building blocks. MD computer simulation studies revealed that strong anisotropic interactions, possibly induced by asymmetric ligand interactions at the heterodimer surfaces, are responsible for the formation of the SL. In addition, we showed that these QD−Au heterodimer NCs can be assembled into micrometer-sized free-standing 3D supercrystals. The abnormally large hexagonal lattice suggests symmetry breaking by the tilting of dimers. Given the different chemical nature of the semiconductor QD and metallic Au, this compositional periodicity may result in interesting couplings of photo-or electron-induced excitons (in QDs) and plasmonic resonances (on Au), which could potentially be exploited for future optoelectronic devices with designed heterojunctions. Our study presented here constitutes an example of a superstructure assembled from multicomponent dimer-type NCs driven by anisotropic interparticle interactions. Further understanding of the driving forces during the NC assembly process will help pave the way toward the fabrication of complicated anisotropic NC superstructures with novel functionalities that are inaccessible to isotropic NC counterparts.
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